SUMMARY Right and left ventricular volume variables were obtained in 43 tetralogy patients undergoing diagnostic cardiac catheterization. The patient population consisted of 25 preoperative patients (group 1) and 18 patients who had undergone aortic-topulmonary shunt procedure (group 2). Volumes were calculated from biplane cineangiocardiograms using Simpson's rule method for the right ventricle (RV) and the area-length methods for the left ventricle (LV).
SUMMARY Right and left ventricular volume variables were obtained in 43 tetralogy patients undergoing diagnostic cardiac catheterization. The patient population consisted of 25 preoperative patients (group 1) and 18 patients who had undergone aortic-topulmonary shunt procedure (group 2). Volumes were calculated from biplane cineangiocardiograms using Simpson's rule method for the right ventricle (RV) and the area-length methods for the left ventricle (LV) .
In group 1, RV end-diastolic volume (RVEDV) was not different from normal in the total group and averaged 93 ± 4% (SEM) of normal. In patients with hemoglobin (Hgb) ' 16 g%, however, this variable was significantly (P = 0.044) less than normal. Right ventricular ejection fraction was normal and RV systolic index was significantly (P < 0.001) reduced, averaging 3.35 ± 0.18 (sEM) L/min/m'. Left ventricular volume variables in this group were not significantly different from RV volume variables.
In group 2, RVEDV in patients with Hgb ' 16 g% was significantly (P= 0.037) less than normal, but was normal in patients with Hgb < 16 g%. Right ventricular ejection fraction SIGNIFICANT ADVANCES have been made in the surgical technique and management of children with congenital heart disease in general and tetralogy of Fallot in particular.1 A significant number of tetralogy patients experience low cardiac output after complete correction. 3 7 Postoperative low cardiac output and mortality were attributed to many factors such as anatomical defects with small main pulmonary artery annulus, severe hypoplasia or absent right or left pulmonary artery, ventriculotomy and right ventricular (RV) outflow patch, myocardial hypoxia during cardiopulmonary bypass, or pulmonary edema in the presence of normal left atrial pressure. In addition to these factors, Venugopal and Subramanian3 attributed death to a diminutive right ventricle in one patient and Kirklin and Karp7 suggested that a small left ventricle (LV) was a cause of death in some tetralogy patients postoperatively. Therefore, we believe that a quantitative determination of ventricular volume preoperatively might help in choosing the surgical procedure most likely to benefit the patient.
A previous investigation in tetralogy patients before and after surgery" showed decreased left ventricular end-diastolic volume (LVEDV) in severe cases which subsequently increased after successful shunt procedure or complete correction. Both left ventricular ejection fraction (LVEF) and LV systolic output (LVSO) were significantly less than normal preoperatively. Many questions related to the effect of averaged 0.52 ± 0.03 in this group and was significantly (P < 0.001) less than normal. Right ventricular systolic index (RVSI) averaged 3.51 ± 0.24 L/min/m' and was significantly (P = 0.009) less than normal. RVSI in patients with Hgb < 16 g% averaged 3.90 ± 0.31 and was not different from normal. In contrast, this variable in patients with Hgb >-16 g% averaged 3.21 ± 0.34 and was significantly (P= 0.005) less than normal. Left ventricular enddiastolic volume (LVEDV) and LV systolic output in group 2 were significantly higher than RVEDV and RV systolic output. Right ventricular and LV ejection fractions in group 2 were not different.
The relatively decreased ejection fraction in tetralogy patients, as compared with patients with valvular pulmonic stenosis and similar volumes and pressures, suggests that the decreased ejection fraction was not due to decreased preload or increased afterload and might be due to impaired ventricular function secondary to chronic hypoxia. Early corrective surgery in these patients might reverse this process. However, patients with severe tetralogy who have small ventricular volume and reduced output might benefit from shunt procedure rather than complete correction.
the type and time of the surgical procedure on postoperative ventricular function remain unanswered. In addition, no data were available on right ventricular (RV) function in these patients. The purpose of this study was to: 1) quantitate right ventricular end-diastolic volume, ejection fraction, and systolic output in tetralogy patients preoperatively and 2) determine the effect of aortic-to-pulmonary shunt procedure on these variables. Right and left ventricular volume variables were compared in each patient. In addition, RV volume variables in all patients will be compared with normal values.
Methods

Patient Groups
Data were obtained in 43 tetralogy patients undergoing diagnostic cardiac catheterization. Tetralogy of Fallot in this study was defined as: large ventricular septal defect allowing equalization of the pressure in the two ventricles, and severe right ventricular outflow obstruction causing a bidirectional intraventricular shunt with a net right-to-left shunt. The net right-to-left shunt is the sum of the right-toleft minus the left-to-right shunt. Although some of the patients had patent foramen ovale, none of them had evidence of intra-atrial shunting by oximetry or cineangiography. In addition, there were no valvular lesions other than the pulmonic valve. Patients consisted of 25 pre-operative patients (group 1) and 18 patients (group 2) who had aorticto-pulmonary shunt (Blalock-Taussig = 16, Waterston = 2). The indication for shunt procedure in group 2 was small patient size (body weight < 15.0 kg) with one or more of the following: 1) hypercyanotic spells, 2) Ages ranged from three days to 17.0 years (mean = 4.46 i 0.73 SEM) in group 1, and from 1.08 to 13.00 years (mean = 6.93 ± 0.78) in group 2. Peak systemic pressure was similar in the two groups and was not different from normal. The heart rate in group 1 (mean = 109 ± 4) was not different from the heart rate in group 2 (101 ± 5), and both values were not significantly different from normal. Hemoglobin concentration in group 1 averaged 15.8 ± 0.6 g% and was not significantly different from Hgb concentration in group 2 (16.2 ± 0.6 g%). Hemoglobin concentration in both groups was significantly (P < 0.001) higher than normal. Eighteen patients in group 1 had a net right-to-left shunt in excess of 20%, while the other seven patients had balanced shunt (net shunt < 20%). The shunt in group 2 was calculated in 11 patients by the dye dilution method. In these 11 patients there was an inverse relation between the net leftto-right shunt and Hgb concentration. The shunt was also calculated in all patients using the Fick method, but was not included in group 2 because of the inaccuracy of this method in tetralogy patients with shunt. Data in tetralogy patients were compared with normal right ventricular volume parameters obtained from 42 patients which included normal heart, mild valvular pulmonary stenosis, peripheral pulmonary stenosis, bicuspid aortic valve with no significant gradient, systemic hypertension, vascular ring and mediastinal mass. None of the patients had detectable shunt and the peak RV pressure was less than 45 mm Hg.
Data Acquisition
All data were obtained during diagnostic cardiac catheterization. Infants less than three months of age were not premedicated, and those three to 12 months old were given morphine (0.1 mg/kg) only. All other patients were premedicated with meperidine (1 mg/kg), promethazine (0.5 mg/kg) and chlorpromazine (0.5 mg/kg). Before the first cineangiocardiogram was taken, the left-to-right shunt and right-to-left shunt were quantified by the Fick and dye dilution methods in groups 1 and 2. The left and right ventricular pressures were recorded using the Millar Mikro-tip transducer catheter (Millar Instruments, Inc., P. RV stroke volume (RVSV) = RVEDV -RVESV RV ejection fraction (RVEF) = RVSV/RVEDV RV systolic output (RVSO) = RVSV X heart rate Identical variables were calculated for the left ventricle and were compared with RV volume variables in each patient. The difference in heart rates between the LV and RV beats was less than 10%. The relation between RVEDV and body surface area (BSA) in children with normal right hearts was used to derive normal predicted values in each patient.
Results
Normal Values for R V Volumes
The Right ventricular end-diastolic volume averaged 93% ± 4% (mean ± SEM) of normal in group 1 and was not significantly different from normal (table 1, fig. 3 ). RVEDV/BSA averaged 57 ± 3 cm'/ml in group 1 and was significantly (P < 0.001) less than the average normal value. Right ventricular ejection fraction (RVEF) averaged 0.57 ± 0.02 in group 1 and was not significantly different from normal (table 1) . This variable in group 2 averaged 0.52 ± 0.03 and was significantly (P < 0.001) less than normal, but was not significantly different from group 1.
Right ventricular systolic index (RV systolic output/body surface area) (RVSI) in group 1 averaged 3.35 ± 0.18 L/min/m2 and was significantly (P < 0.001) less than nor- fig. 7) . The RVEDV/LVEDV ratio was normal in both subgroups. RVEDV in subgroup 2A averaged 118% ± 13%, and was not significantly different from normal. This variable, however, was significantly (P = 0.037) less than normal in subgroup 2B and averaged 91% ± 4% ( fig. 7) . RVEF was significantly (P < 0.001) less than normal in the two subgroups and averaged 0.52 and 0.51 in subgroups 2A and 2B, respectively. RVSI in subgroup 2A averaged 3.56 L/min/m2 ± 0.43 and was not significantly different from normal, but was significantly (P = 0.005) less than normal in subgroup 2B (mean = 3.21 0.34 L/min/m2). The RVEDV/LVEDV ratio was similar in the two subgroups and was significantly (P < 0.001) less than normal.
Discussion
Although the method for calculating right ventricular volume was derived by using RV casts and was shown to be accurate in children with normal right heart,'2 the accuracy of this method in patients with right ventricular hypertrophy might be questioned. Our data,', and those reported by Graham et It is interesting that RVEDV in group 1 expressed as percent of normal was not different from normal and all but six values fell in the normal range (103 ± 25%), but was significantly (P < 0.001) less than normal when RVEDV was divided by BSA (cm3/m2). The difference was due to error introduced by dividing RVEDV by BSA. A variable (Y) can be normalized for BSA (X) only if it is linearly related and proportional to it, i.e., can be expressed by Y = a + b X, with "a" not significantly different from zero. A large "a" value or a nonlinear Y vs. X relationship will introduce error to this variable when expressed as Y/X.
It is of interest that cardiac output (equal to RV output in normal patients, shown in figure 2), normalized for body surface area (cardiac index), remained constant with age. The average cardiac index (CI) in our data is higher than the average CI in adults. This difference might, in part, be related to a higher metabolic rate per body surface area in children as compared with adults,'" and it has been shown by Astrand and co-workers17 that cardiac output was linearly related to metabolic rate. The fact that patients in group 1 with Hgb _ 16 g% had less than normal but equal RV and LV end-diastolic volumes indicates that both RV and LV volumes are equally decreased in patients with severe tetralogy. This finding, in addition to the equal LV and RV peak systolic and enddiastolic pressures, suggests that the two ventricles function as one unit. The significantly (P = 0.037) decreased RVEDV from normal in patients with increased Hgb (Hgb -16 g%), as compared with the normal values in patients with normal Hgb (Hgb < 16 g%), suggests that pulmonary blood flow affects RV size. This theory is supported by the increased RVEDV (169% of normal) in one tetralogy patient with left pulmonary artery arising from the aorta, thus pulmonary venous return might contribute to RV filling. The validation of this observation should await documentation of RVEDV in patients before and after shunt procedure. The increase in LV size after shunt procedure, however, exceeds the increase in RV size.
The decreased RVEDV in two patients with Glenn Shunt (. 37% of normal) indicates that RV size is dependent on systemic venous return to the RV. The significantly increased RV end-diastolic pressure (RVEDP) with decreased or normal RVEDV indicates a decreased RV compliance in these patients. It is interesting to note that RVEDV in severe tetralogy patients (Q S > Q P) was similar to LVEDV. After effective shunt procedure however, LVEDV exceeded RVEDV in the presence of an equal RV and LV end-diastolic pressure. This finding indicates that the RV is less compliant than the LV in these patients.
Although the LV and RV ejection fractions in group 1 were identical, the LVEF was significantly less than normal and the RVEF was not different from normal. This was, in part, due to the slightly elevated normal LVEF, as compared with normal RVEF, and in part due to the slightly, but not significantly (P = 0.07) depressed RVEF in group 1 tetralogy patients.
The decreased ejection fraction, in the presence of normal or decreased RVEDV and normal heart rate, resulted in a decreased RV output in 22 of the 25 patients in group 1 and seven of the 18 patients in group 2. Decreased RVEDV and RV output in severe tetralogy patients would be unexpected if we assumed that these patients had normal systemic flow and all systemic venous return filled the RV only. If the above assumption was correct, then RVEDV would have been normal or increased, but significantly larger than LVEDV. Levine and co-workers'8 showed a bidirectional intraventricular shunting in tetralogy patients. The equally decreased RV and LV volume suggests a significant diastolic right-to-left shunt.
The decreased RV and LV end-diastolic volume and output in tetralogy patients emphasizes the potential risk of low cardiac output after complete correction. Parr et al.10 showed that acute low cardiac output after surgical repair was a major cause of postoperative mortality. The decreased ejection fraction in the presence of normal preload and afterload is evidence of impaired ventricular function. Preload and afterload can, in turn, be calculated from ventricular pressure, ventricular radius, and wall thickness. Left ventricular end-diastolic volumes in severe tetralogy patients were less than normal volumes but were normal in acyanotic patients and were larger than normal after effective shunt procedure." Left ventricular enddiastolic stress remained normal due to proportional change in ventricular radius and wall thickness. RV end-diastolic volume was normal or less than normal in all patients. The geometry of the RV and the difficulty of determining RV wall thickness in living patients preclude determining RV end-diastolic stress (RVEDS). Right ventricular wall thickness in tetralogy patients was found to be increased in postmortem examination,9 20 which might result in a normal or decreased RVEDS.
Peak LV and RV systolic pressures were equal and were not different from normal LV pressure. The change in LVEDV (radius) was similar to the change in LV mass (wall thickness) and resulted in a normal left ventricular systolic stress (normal afterload)." Previous work'8 21 has shown that LV ejection takes place during "isovolumic contraction" via the ventricular septal defect and RV outflow to the pulmonary artery. This indicates that LV ejection takes place at less than systemic pressure during "isovolumic contraction" and at less than normal radius after aortic valve opening. This is evidence of a decreased LV afterload in these patients, and should result in an increased LV ejection fraction in the presence of a normal myocardium and normal preload. Right ventricular systolic afterload could not be calculated; however, it might be normal if there were proportional change in RV pressure and wall thickness (i.e., RV wall thickness increased to three to four times normal). On the other hand, if the increase in wall thickness was less than the increase in RV pressure, then RV afterload would be significantly higher than normal. It has been shown that calculated left ventricular wall stress remained in the normal A possible explanation for the decreased RVEF in group 2 is the geometry of the RV which permits this ventricle to function normally at normal RV pressure but not at systemic pressure. RVEF in patients with valvular pulmonic stenosis with increased RV peak systolic pressure and normal RVEDV was significantly higher than normal (unpublished data). Furthermore, it is very unlikely that RV systolic stress (afterload) in PS patients is lower than RV afterload in tetralogy patients. Thus the decreased RVEF in tetralogy patients as compared with PS patients could not be explained by the geometry of the RV and the increased RV afterload alone and might be related to the depressed RV function in tetralogy patients. Although there was no correlation between arterial saturation and RVEF, it is interesting to speculate that chronic hypoxia might be the cause of depressed ventricular function in these patients. Additional support to this hypothesis is the decreased RVEF in patients with transposition of the great vessels."5' 24 The results of this study suggest the following conclusions:
1) 3) The normal right ventricular ejection fraction in group 1 and less than normal right ventricular ejection fraction in group 2 were both significantly (P < 0. Long-term follow-up evaluation of these patients, taking into consideration ventricular function before surgery and the patient's age at the time of surgery, provides important information and could be beneficial in planning management of these and future patients.
